Phosphite (Phi)-based fungicides are used to control the oomycete Phytophthora infestans which causes late blight disease, the most devastating disease in potatoes. In order to examine the effects of Phi-based fungicides on potato tubers through foliar or post-harvest application, a metabolite profiling approach based on gas chromatography coupled to mass spectrometry (GC-MS) has been established. A total of 132 metabolites were detected using the GC-MS approach. Among these, 34 metabolites were identified after normalization and annotated with a compound name with standard mass spectral library. Metabolomic analysis of Phi-treated plants showed significant differences in the levels of many metabolites especially amino acids. Multivariate statistical approaches, such as principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA), were employed to explore the relationships between metabolites to detect group differences. A good discrimination between the control and the Phi-treated plants was observed, which demonstrated that significant changes in the metabolite profile have been caused by the two different Phi applications (foliar or post-harvest). This finding suggests that the alteration of specific metabolite levels by accumulation of Phi can lead to resistance against the pathogen.
and unknown compounds, as well as provides functional information on metabolic phenotypes of plants [34] [35] .
Although the effect of Phi-based fungicides in controlling late blight disease on leaves and tubers has been studied using different potato cultivars [26] [31] [36] [37] [38] [39] [40] , knowledge on the cause of the protective effect of Phi on plant metabolites is limited. To understand the complexity of Phi-induced resistance, it is necessary to analyse the highly complex mixtures of compounds in potatoes. The purpose of the present study is to apply metabolite profiling using gas chromatography coupled to mass spectrometry (GC-MS) to understand the possible effect of Phi application on potato plant growth and metabolism.
GC-MS is a widely spread, rapid and reliable approach for metabolite profiling of highly complex biological matrixes, such as plant extracts. For the first time, Roessner et al. [41] developed a GC-MS method for the simultaneous analysis of polar metabolites (including amino acids, organic acids, sugars, and sugar alcohols) in potato tubers. In this study, we investigated the foliar and post-harvest applications of Phi on potato tubers. Comparison of metabolite profiles among the different treatments could help us to understand the mechanisms of Phi-based fungicides on potato tubers.
Materials and Methods

Plant Material and Field Trial
The potato (Solanum tuberosum L.) cultivar Russet Burbank (RB) seed tubers were 
Metabolite Extraction, Derivatization and GC-MS Analysis
Cortex tissues were analyzed from a total of 60 potatoes for both polar and American Journal of Plant Sciences non-polar metabolites extractions. Ten milligram of frozen tissues per each tuber were ground into a fine powder using a mortar and pestle in liquid nitrogen and transferred into a 4 mL glass vial with a Teflon-lined screw cap. The metabolites were extracted based on a published method [42] . The sample powder was mixed with a solution containing methanol/water/chloroform (4:1:2, v/v/v) (2.1 mL) and 40 µL of triacontane (1 mg/mL) as a non-polar internal standard. The samples were vortexed thoroughly and incubated at 50˚C for 1 h. After cooling to room temperature, 0.9 mL of water and 20 µL of ribitol (2 mg/mL in water), as a polar internal standard, were added to the vial. Each sample was vortexed again and incubated for another 1 h at room temperature. The samples were centrifuged (2900 g) for 30 min at 4˚C, and the non-polar and polar layers were collected separately. The non-polar layer was dried under a stream of nitrogen while the polar (aqueous) layer was dried in a speed vacuum concentrator. For derivatization, the dried polar and non-polar extracts were directly dissolved in 50 µL methoxyamine-HCl (20 mg/mL in pyridine) and 50 µL of pyridine, respectively, and incubated at 50˚C until the extract was totally re-dissolved. Metabolites were then derivatized further with the addition of 50 µL of N-Methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) + 1% trimethylchlorosilane (TMCS) and incubated at 50˚C for 1 h. The derivatized samples were ready for GC-MS analysis.
GC-MS Analysis and Metabolite Identification
GC separations were done on Agilent 6890 system using a DB-1ms column from Agilent (pn122-0132). The column dimensions were as follows: length of 30 m, 0.25 mm ID and 0.25 μm coating thickness. The inlet temperature was 250˚C. A 1 μL injection was split 5:1. The column was operated at a flow rate of 1.0 mL/min helium. The column oven was heated at 70˚C for 5 min and then increased at 4˚C/min to 310˚C where it was held for 11 min. The column outlet was sent to a capillary flow technology (CFT) splitter whereby signal for MS (using Agilent 5973) and Flame Ionization Detector (FID) could be acquired simultaneously. Typical GC-MS (TIC) (a) and GC-FID (b) profiles for representative samples are shown in Figure 1 . The MS source was at 250˚C with 70 eV. After a 5.5 min solvent delay, spectra were acquired for the mass range 50 -600 m/z at 2.69 scans/sec. The FID was operated at 280˚C with hydrogen at 40 mL/min, air at 450 mL/min and nitrogen (the makeup gas) at 20 mL/min. GC-FID/MS data were processed using Agilent ChemStation (ver. E.02.00493). Metabolites were identified by comparing ionization patterns with standards in NIST library (National Institute of Standards and Technology mass spectral library, NIST 05a.L). The integrated signal of the total ion current for each peak was compared between samples after normalization. Metabolites were normalized first using the internal standard and then the tissue weight.
Data Reduction, Pattern Recognition and Statistical Analysis
The GC-MS data were normalized to total spectral area and centered scaling was X. X. Gao et al. applied before pattern recognition analyses. The resulted three-dimensional data involving the peak number, sample name, and normalized peak area were fed to SIMCA-P 11.5 software package (Umetrics, Umea, Sweden) for principal component analysis (PCA). Since the data of PC3 sample from the control group seemed much different from the other nine replications in the same group, possibly due to a failed GC-MS analysis, therefore, it was discarded in all following analyses. Data were visualized by using the principal component (PC) score plots. To maximize separation between the control and both Phi-treated samples, partial least squares discriminant analysis (PLS-DA) was performed.
PLS-DA is a multivariate classification method based on PLS, the regression extension of PCA. Further statistical analysis of variance (ANOVA) with Tukey test was performed using Minitab software to define those showing statistically significant differences between the treatments. Metabolites were selected as showing statistically significant differential expression among the groups.
Results and Discussion
Metabolites Identified
To investigate the effect of Phi application on potato tubers, GC-MS analysis was employed to perform global metabolite profiling to compare the control samples (PC) with the Phi-treated samples, either by field foliar treatment (PFT) or by post-harvest treatment (PPT). A total of 132 (75 in polar and 67 in non-polar) metabolites were detected using the GC-MS approach; however, only 34 metabolites were identified after normalization and annotated with a compound name with standard mass spectral library (Supplementary Table S1 ) and some major metabolites identified were listed in the Table 1 . These metabolites represented a complex mixture of chemicals that are separated as four main classes of compounds: amino acids, organic acids, sugars, and sugar alcohols.
The number of metabolites identified and the level of coverage are relatively low in comparison to Abu-Nada et al. [43] who identified 95 polar metabolites including amino acids, fatty acids, organic acids and sugars in potato leaves following pathogen P. infestans inoculation. Similarly, a total of 180 polar and non-polar metabolites were identified in potato tubers by Shepherd et al. [44] .
This has been a common problem faced by many researchers when using global or untargeted GC-MS metabolomics studies. Due to limited duration of the project and funding, the study was based on a one-year field trial. To compensate this shortcoming, 10 replications in each treatment was used in order to generate reliable data.
Data Reduction and Pattern Recognition
To provide comparative interpretations and visualization of metabolic changes under various treatments, PCA was firstly applied to the GC-MS spectral datasets. PCA showed the distribution of original data, and the discriminations between the control group (PC) and the Phi-treated groups (PFT and PPT) were demonstrated by the PCA score plots (Figure 2) . A good discrimination between the PC and the PFT and PPT was observed from the PCA score plots, which demonstrated that significant changes in the metabolite profile have been caused by the two different Phi treatments. However, as the score plot indicated ( Figure   2 (b)), the sample (PPT1) situated outside the confidence ellipse, and then it was Table 1 . Metabolites in the four groups detected by GC-MS in this study.
Compound classes Metabolites
Amino acids alanine, asparagine, aspartic acid, glycine, glutamine, isoleucine, leucine, methionine, phenylalanine, proline, serine, threonine, tyrosine, valine
Organic acids citric acid, cis-aconitic acid, benzoic acid, butanoic acid, palmitic acid, stearic acid citrulline discarded for further analysis. In order to obtain a higher level of group separation and get a better understanding of variables responsible for classification, a supervised PLS-DA was applied, which showed a significant discrimination of the control group and both of the Phi-treated groups (Figure 3) . This model worked better, and the PLS-DA model explained and predicted 97.2% and 87.6%
for PFT group of the data according to the cross-validation, and explained and predicted 99.2% and 97.6% for PPT group, respectively, which were stable.
Amino Acid Changes from Different Treatment Groups
Analysis of variance (Tukey test, P < 0.05) within the different classes of compounds was performed using Minitab software. A total of 24 metabolites including amino acids (14) , organic acids (7), sugars (1), and sugar alcohols (2) showed a significant difference (Tukey, P < 0.05) in abundance among treatments. The most prominent group of metabolites that showed differences across treatments was found to be amino acids. The amount of amino acids aspartic acid, leucine, methionine, serine, and threonine were significantly increased in both Phi-treated groups (PFT and PPT) compared to the control group (PC), whereas American Journal of Plant Sciences the amount of the amino acids alanine, asparagine, glutamine and valine were found to be decreased (Figure 4(a) ) in Phi-treated plants. It has been well reported that alterations in the quantity of amino acids derived from the aspartate pathway have been identified to be important for resistance against oomycete pathogen like H. Arabidopsis and bacterial pathogen like Pseudomonas syringae [45] [46] [47] . Similarly, Berkowitz et al. [48] found that the accumulation of Phi affects the metabolism in Arabidopsis, leading to specifically changes in the levels of aspartate and the related amino acids asparagine and glutamate, and summarized that these changes in the amino acids are important for phosphite-induced resistance against oomycte pathogens. Although there were such complicated changes among different treatments in amino acid quantity, when a closer attention is paid to both Phi-treated groups, differences within the PFT and PPT groups were also noticed. In this case, the amino acids leucine, methionine, serine and threonine were significantly higher in post-harvest treatment (PPT) than in foliar treatment (PFT) according to Tukey test (Figure 4 is also formed by glyoxylate during photorespiration. In leaves, photorespiration provides metabolites for other metabolic processes, e.g. glycine for the synthesis of glutathione, which is also involved in stress protections [49] [50] [51] . The amino acids isoleucine, leucine and valine are important in the production of plant defense secondary metabolites such as cyanogenic glycosides, and glucosinolates [52] . Lim et al. [9] examined the direct effect of Phi application on potato leaves using comparative proteomics and identified significant changes in quantity of proteins after Phi treatment in potato leaves. They reported that down-regulated proteins were involved in metabolism and energy functions, such as amino acid metabolism, starch metabolism, photosynthesis, glycolysis and tricarboxylic acid (TCA) cycle; whereas majority up-regulated proteins were defense-related and associated with the salicylic acid (SA) dependent pathway, antimicrobial activity, the ROS pathway, the Ca 2+ dependent pathway and the hypersensitivity reaction (HR). We found in this study that Phi induced changes in levels of alanine and the abundance of valine, glutamine and asparagine were reduced in the Phi-treated plants. This result is consistent with the report by Lim et al. [9] . Many studies have also demonstrated a role of amino acids in the establishment of resistance against plant pathogens [46] [48] [53] , and that the alteration of specific metabolite levels by feeding or genetic manipulation of plant metabolic pathways can lead to resistance against pathogens. Grenville-Briggs et al. [54] identified that the biosynthesis of many amino acids was up-regulated in plants by fungi and oomycetes during biotrophic growth and also reported that genes involved in the biosynthesis of methionine, tryptophan, threonine, and branched-chain amino acids were up-regulated in plants after infection.
Organic Acid Changes from Different Treatment Groups
The second group of metabolites showing significant changes responding to the Phi treatments was organic acids. Citric acid was significantly up-regulated in the PPT group, whereas cis-aconitic acid and benzoic acid were up-regulated in both Phi-treated (PFT and PPT) tubers as compared to the control (PC) ( Figure   4(b) ). In general, citric acid has frequently been found to be increased under phosphorus deficiency, which might act as a strategy to improve phosphorus uptake from the soil [55] . Interestingly, differences between the two Phi-treated groups (PFT and PPT) were also noticed among these organic acids. For instance, the quantity of palmitic acid, butanoic acid, and citrulline were decreased in the PPT as compared to the PFT group (Figure 4(b) ). Decreased palmitic acid was also reported to be associated with Phi treatment. Citric acid has an impor- , and a number of pharmacologically active compounds, such as taxol [60] . It has been well reported that Phi-based fungicides enhanced the expression of defense genes whose products are involved in SA and jasmonic acid (JA) pathways in Arabidopsis [22] . Several studies have reported an increased level of benzoic acids in 
Sugar and Sugar Alcohol Changes from Different Treatment Groups
Differences in D-fructose were found to be non-significant in all the three treatments according to ANOVA (Figure 4(c) ). However, sugar alcohols, such as glycerol and inositol, were all significantly up-regulated in response to Phi treatments (both in PFT and PPT) as compared to the control (PC). It has been well documented that glycerol plays an important role in the biosynthesis of glycerol-3-phosphate (G3P) through glycerokinase, and that G3P is an important metabolite that contributes to the growth and disease-related physiology of plants. Chanda et al. [61] reported that G3P serves as the inducer of an important form of broad-spectrum immunity in plants, termed systemic acquired resistance (SAR). SAR is induced upon primary infection and protects distal tissues from secondary infections. Inositol is an intermediate in the biosynthesis and degradation of the phosphate-storage compound phytate [62] , so the increase of inositol might indicate the mobilization of phosphate from, or a reduced flux into, storage pools [48] . Lovatt and Mikkelsen [63] also reported that Phi may influence sugar metabolism, cause internal hormonal and chemical changes, and induce the SA pathway, resulting in increased floral intensity, and fruit yield and quality in various crops including onions, potatoes and tomatoes. Burra et al. [24] investigated transcriptome analysis of potatoes after Phi treatment and found that transcripts associated with defense, wounding, and oxidative stress constituted the core of the Phi response. They also observed changes in primary metabolism and cell wall related processes. Although several studies have reported the negative effects of Phi on the growth of plants [64] [65] [66] [67] [68] [69] , its mode of action at the molecular level is not fully understood [23] [70] . Even though the proteomic analysis [9] , transcriptomic profiling [24] and high-performance ion chromatography (HPIC) method [10] have been used for assessing the accumulation of Phi in potato tubers, a detailed study of metabolite changes in response to Phi can increase our understanding of plant defense responses, interactions between metabolic networks and basic plant metabolism. Metabolomics is a powerful approach to gain a comprehensive perspective of how metabolic networks are regulated and has increasingly been applied by many researchers in recent years. It can be used to elucidate the functions of genes and complements transcript profiling and proteomic in functional genomics and systems biology [71] [72] .
The main limitation of the GC-MS profiling is that it can only measure volatile compounds or compounds that can be volatilized following chemical derivatization. The other approaches such as liquid chromatography-mass spectrometry (LC-MS) and capillary electrophoresis-mass spectrometry (CE-MS) provide better alternatives for non-volatile compound analysis [73] [74] [75] . The current study is the first to investigate plant metabolites in the two, foliar or post-harvest Phi treatments (PFT and PPT), including amino acids, organic acids and sugar alcohols in potatoes. Analysis of a number of metabolites showed differences in their quantity. Since a large number of peaks could not be identified by using the NIST library alone, we were restricted regarding the number of metabolites that could be analysed in the samples. Our earlier proteomic profiling study using Phi [9] confirmed that proteins related to metabolisms of amino acids, organic acids and carbohydrates in potatoes have been regulated. Our on-going work on gene expression profiling by RNA sequencing may further provide detailed data in enriching this study.
Although the number of metabolites detected was small in this study, the results showed the capability of metabolite profiling, clustering and statistical analyses to identify potential metabolite differences in the Phi-treated groups compared to the control group. This study provided us with a more comprehensive view of the metabolites and increased our understanding of Phi-induced resistance of plants to oomycete pathogens.
Conclusion
The GC-MS based metabolomic approach was used to examine the effects of Phi applications on potato tubers through foliar or post-harvest application. Significant differences were identified in the levels of many metabolites including amino acids, organic acids, and sugars. These results demonstrated the potential role of Phi-based fungicides in altering the abundance of specific metabolites in potato tubers, which provided a novel insight in our understanding of the mechanism of Phi induced resistance of potato tubers to pathogens, especially P. infestans. American Journal of Plant Sciences 
